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The irrotational nature of superfluid helium was discovered through its decoupling from 
the container under rotation. Similarly, the resonant period drop of a torsional oscillator 
(TO) containing solid helium was first interpreted as the decoupling of solid from the TO 
and appearance of supersolid1-3. However, the resonant period can be changed by 
mechanisms other than supersolid, such as the elastic stiffening of solid helium4,5 that is 
widely accepted as the reason for the TO response. To demonstrate the irrotational nature 
more directly, the previous experiments superimposed the dc rotation onto the TO and 
revealed strong suppression on the TO response without affecting the shear modulus6,7. 
This result is inconsistent with the simple temperature-dependent elasticity model and 
supports the supersolid scenario. Here, we re-examine the rotational effect on solid 
helium with a two-frequency rigid TO to clarify the conflicting observations. Surprisingly, 
most of the result of previous rotation experiments were not reproduced. Instead, we 
found a very interesting superfluid-like irrotational response that cannot be explained by 
elastic models. 
We constructed a two-frequency rigid TO to validate previous DC rotation experiments as 
shown in Figure 1. If the TO is not sufficiently rigid, the TO period change due to the elastic 
stiffening of the solid helium is enormously amplified8-11. The period drop reported in the 
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previous rotation experiment was unusually large when compared to other rigid TOs. We note 
that a non-rigid TO is easily affaced by the vibration noise generated during dc rotation and 
may show a rotation effect. Besides, the rigid TO can be operated at two resonance frequencies, 
which allows the frequency-dependence analysis on the TO response. The analysis can 
distinguish the contribution of elastic stiffening in the period change from that of superfluid. 
For example, the “overshoot effect” of the linear elastic effect gives a period drop proportional 
to the square of the TO frequency, while the superfluid-induced period drop does not change 
with frequency. The two-frequency rigid TO used in this experiment reported a frequency-
independent non-classical rotational inertia (NCRI) fraction of about 4 × 10−612 that does not 
exceed the previously proposed supersolid upper limit13,14. We measured the period and 
amplitude of the TO during increasing temperature from 20 mK to 500 mK while maintain a 
uniform rotational speed 𝛺 . The TO was attached to the mixing chamber of the rotating 
dilution refrigerator at RIKEN to superimpose the DC rotation. Polycrystalline solid helium 
samples were grown using the block-capillary method. 
Figure 2 shows the temperature dependence of the period drop 𝑑𝑃 divided by mass loading 
/∆𝑃(𝑇) of solid helium, 𝑑𝑃/∆𝑃(𝑇), and dissipation 𝑄−1(𝑇) in both in-phase and out-of-
phase modes. At Ω = 0, the typical characteristics of a rigid TO were successfully reproduced. 
In the in-phase (out-of-phase) mode, the reduction of the TO period deigns at about 250 mK 
(325 mK) and saturates at approximately 50 mK (60 mK). The frequency dependence of the 
onset temperature is consistent with that in the other experiments using a double-frequency 
TO15 and PZT7. In the in-phase and out-of-phase modes, the TO resonant period decreased by 
1.10 ns and 0.87 ns, respectively. After subtracting the background signal of the empty cell, the 
𝑑𝑃/∆𝑃(𝑇)  values of the two modes at 25 mK are d𝑃𝑖𝑛/∆𝑃𝑖𝑛 = 2.86 × 10
−5  and 
d𝑃𝑜𝑢𝑡/∆𝑃𝑜𝑢𝑡 = 1.48 × 10
−4, where the subscripts indicate the aspecific modes. Dissipation 
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𝑄−1(𝑇) shows local maxima where the period of TO changes most steeply. The maximum 
size of dissipation 𝑄𝑖𝑛
−1  (𝑄𝑜𝑢𝑡
−1 ) is approximately 1.43 × 10−7  (1.93 × 10−7 ), which was 
much smaller than that of typical TOs12-14. 
We also examined the effect of DC rotation on the TO response by systematically increasing 
the rotational speed. To concentrate on the DC rotation effect, the amplitude of AC torsional 
oscillation was fixed to the minimum value. As shown in Figure 2, the TO response measured 
in (a) the in-phase and (b) out-of-phase mode shows a striking contrast. In the in-phase mode, 
the period drop was clearly suppressed as the dc rotation speed increased, but no such rotation 
effect was found in the out-of-phase mode. At 4 rad/s, the magnitude of d𝑃𝑖𝑛/∆𝑃𝑖𝑛 at 30mK 
decreases to 2.53 × 10−5, which is about 12% smaller than the value without rotation. On the 
other hand, the temperature curves of 𝑑𝑃𝑜𝑢𝑡/∆𝑃𝑜𝑢𝑡  measured at various rotational speeds 
coincide well. The difference in 𝑑𝑃𝑜𝑢𝑡/∆𝑃𝑜𝑢𝑡 at 30 mK measured at 0 and 4 rad/s rotation is 
smaller than 2 × 10−6, which is only 1.5% of the original value. Figure 2-(c) and 2-(d) show 
the temperature-dependent dissipations measured in two modes, respectively. The dissipation 
measured under various DC rotational speeds seems to be identical. No significant 
enhancement of the dissipation reported in previous rotation experiments was observed. 
Although the suppression of the period shift in the in-phase mode is similar to the previous 
rotation experiment, the absence of the suppression in the out-of-phase mode shows clear 
distinction. This results indicates that the rotation effect cannot be caused by the shear modulus 
stiffening since the elastic effect will be greater in the higher frequency mode. No rotation 
effect in the dissipation also disproves the elastic models because the change in rotational 
susceptibility associated with elasticity must affect both period and dissipation16,17. 
On the other hand, a possible clue to understand previous rotation experiments can be found in 
the rigidity of TO. The previous non-rigid TO was very sensitive to the shear modulus changes 
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in solid helium because the solid helium in the TO cell links the inner and outer structures8. If 
the vibration noise due to the rotation increases the shear stress in the tangential direction 𝜎𝑡, 
the non-rigid TO response may mimic the so-called rotation effect. As the rotation speed 
increases, the vibration increases accordingly, resulting in greater suppression of the TO 
response. However, 𝜎𝑡 from the rotation noise and the stress in the radial direction 𝜎𝑟 due to 
the centrifugal force are few orders of magnitude smaller than the critical stress required to 
cause elastic softening7. This is consistent with the lack of the rotation effect in previous shear 
modulus measurements6. Therefore, it is necessary to find a new alternative explanation that 
can justify both the lack of the rotation effect in the shear modulus measurements and the 
significant suppression in the TO response. We assume the complicated structure of the 
previous TO may amplify the vibration noise effect and lead to the sizable dc rotation effect. 
In the previous rotation velocity-sweep experiment, the step-like suppression of the TO period 
was found along with the hysteresis between the rotation speed decrease and consequent 
increase. This is interpreted as evidence of possible quantized vortices and Meissner state7. To 
verify this, the rotation-sweep experiment was performed again. The results are shown in 
Figure 3-(a). Neither staircase-like suppression nor hysteresis were found in both modes. In 
addition, we observed a small but reproducible jump of the TO response at around 2 rad/s 
where the most pronounced rotation effect was found in previous experiments. This supports 
the TO used in previous experiments was very sensitive to the rotational noise that could have 
been amplified at the corresponding rotation speed. 
To better understand the suppression of the DC rotation response in the in-phase mode, we 
investigated the frequency dependence in various dc rotational speeds. Since the rigid double-
torus TO removes all complicated coupling between viscoelastic solid and the TO structure, 
only tow contributions are considered for quantitative analysis: (a) the frequency independent 
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contribution by the superfluid component (𝑑𝑃/∆𝑃)𝑖𝑛𝑑 and (b) the frequency dependent term 
(𝑑𝑃/∆𝑃)𝑑𝑒𝑝 ~ 𝑓2 due to the elastic “overshoot” effect8. Figure 4 shows (a)  (𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛)
𝑖𝑛𝑑 
and (𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛)
𝑑𝑒𝑝 measured at the lowest ac rim velocity under various rotational speeds. 
At 30mK, the frequency-independent term was calculated to be about 5.01 × 10−6, slightly 
larger than the range set in the current study using the same TO12. This increase may be 
associated with much higher 3He concentrations of this solid sample. It is particularly 
surprising that frequency-independent terms are gradually suppressed as the DC rotation speed 
increases. Under 4-rad/s rotation, the magnitude of the frequency independent term at 30mK 
decreases to 2.86 × 10−6 . On the other hand, the frequency dependent term remains 
unchanged at around 2.15(±0.04) × 10−5 until 4 rad/s. 
To investigate whether the rotation effect is related to the ac rim velocity of TO, the same 
frequency analysis was performed on various ac rim velocities. The effect of constant dc 
rotation of 3 rad/s on the To response was compared with that of the stationary state. As shown 
in Figure 5-(a) and 5-(b), the TO response obtained essentially the same as that of the lowest 
rim velocity. The frequency independent term is unchanged even as ac rim velocity increases. 
On the other hand, it shows a clear suppression as the dc rotation speed increase. Under 3-rad/s 
rotation, (𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛)
𝑖𝑛𝑑  at four different ac rim velocities is about 1.86(±0.37) × 10−6 
smaller than that in the stationary state. One the other hand, the frequency dependent term 
(𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛)
𝑑𝑒𝑝 is strongly suppressed as ac rim velocity increases without being affected by 
dc rotation. These experimental results demonstrate that the frequency dependent TO response 
is due to the elastic change of solid helium. 
The period shift due to ac TO oscillation is explained by the oscillating shear stress that 
separates the 3He impurity from the dislocation and reduces the shear modulus4,5. In contrast, 
constant dc rotation does not cause shear stress on solid helium. Thus, it is surprising that the 
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frequency independent term is not unchanged by torsional oscillation, but clearly reduced by 
uniform dc rotation. In addition, the suppression differs significantly from the conventional 
elastic effect in terms of critical temperature and velocity. The frequency dependent term 
(𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛)
𝑑𝑒𝑝  gradually changes from 300mK, while the frequency independent term 
(𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛)
𝑖𝑛𝑑 suddenly appears at 100mK. The threshold rotation speed for the suppression 
is also about two orders of magnitude greater compared with that of ac oscillation as shown in 
Figure 3-(b). Thus, the dc rotation effect on (𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛)
𝑖𝑛𝑑 is clearly distinguishable from 
the effect of ac oscillation due to the change in shear modulus. 
The small but distinct frequency independent term (𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛)
𝑖𝑛𝑑 and its reduction by dc 
rotation were consistently observed in three solid samples with pressures of 32, 36 and 47 bar. 
These experimental results can only be explained by superfluidity, which is irreconcilable with 
simple elasticity models. Thus, we investigated how this superfluidty can exist in solid helum. 
The polycrystalline solid helium obtained by a blocked capillary method contains numerous 
topological defects such as dislocations or grain boundaries that can allow superflow18. 
Therefore, we investigate whether or not the presence of topological defects adequately explain 
the irrotational feature, the existence of (𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛)
𝑖𝑛𝑑 and its suppression under rotation. 
First, if the dislocation of hcp solid helium can exhibit superfluidity, a network of randomly-
interconnected one-dimensional dislocations may account for the rigid TO response. Both 
screw and edge dislocations are known to have superfluid cores19,20. The dislocation network 
may also be consider as an interconnected vortex tangles which may lead to the percolation of 
circulating supercurrent through dislocations with pinned vortex cores. This quasi-superfluid 
state, called the Shevchenko state21, can be described by low viscosity fluid mimicking 
superfluid. Anderson also suggested that the superfluid flowing through the dislocation 
network or grain boundary can be understood as a vortex liquid model22. In order to examine 
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the validity of this model, one can estimate the dislocation density 𝑛𝑑 required to explain the 
apparent superfluid fraction of 𝑛𝑆
3𝐷/𝑛 = 𝑛𝑑(𝑛𝑆
1𝐷/𝑛) ~ 5 × 10−6, where 𝑛𝑆
3𝐷 and 𝑛𝑆
1𝐷 is the 
3D and 1D superfluid density, respectively. Applying the helium number density of 
𝑛 ~ 0.0287 per 1 Å3  and the 𝑛𝑆
1𝐷   value of 1 atom per 1 Å obtained from the grand-
canonical Monte Carlo simulation19, the required 𝑛𝑑  is about 1.4 × 10
9 𝑐𝑚−2 . The 
experimental measurements of 𝑛𝑑  for a single crystal 
4He range from 3 × 105/𝑐𝑚−223 to 
6 × 109/𝑐𝑚−224. Thus, the quantitative estimation could support the superfluid dislocation 
network scenario. The drawback, however, is that the rotation influence on dissipation expected 
together with the suppression in the period shift has not been observed in our measurements. 
Second, the grain boundary, another type of topological defects, can also be considered an array 
of tilted edge or screw dislocations. Path-integral Monte Carlo studies have found that the grain 
boundary of polycrystalline solid 4He becomes superfluid at a sufficiently low temperature 
around 0.5K25. Similar to other polycrystals, grain boundary premelting in hcp solid 4He was 
observed under high pressure condition above 1 kbar26. A thin premelted liquid film formed at 
the grain boundary can exhibit superfluidity through the two-dimensional BKT phase 
transition27. Since the amount of helium contained in TO is fixed, the apparent superfluid 
density 𝜌𝑠 = 𝑛𝑆
3𝐷/n, and the phase transition temperature 𝑇𝐵𝐾𝑇, depend on the size of 𝑅0, the 
average characteristic diameter. Considering the spherical grain model27, 𝑅0  is given as 
𝑅0  ≅ (6𝑚
2/𝜋𝜌ℏ2)(𝑘𝐵𝑇𝐵𝐾𝑇/𝜌𝑠), where m is the atomic mass of 
4He and the helium density 
ρ is about 214 kg/𝑚3. Using 𝜌𝑠 = 5 × 10
−6 and 𝑇𝐵𝐾𝑇 ~ 0.1𝐾, one can obtain 𝑅0 to be a 
realistic value of about 10 𝜇𝑚. Nevertheless, it is not consistent with the BKT transition model 
since there is no strong rounding effect to appear near the BKT phase transition temperature 
due to uneven film thickness and no additional rotation effect on the dissipation peaks. 
Third, the most radical interpretation of the dc rotation induced suppression is the genuine bulk 
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supersolid state. As described earlier, the superfluid density measured by the frequency 
independent term is very small, but it certainly exists. This minute size of superfluid can be 
screened by large shear modulus changes of solid helium at low temperatures, so that it is 
difficult to be detected precisely in a soft single-resonant-mode TO. Introduction of the rigid 
double-frequency TO allows us to distinguish the frequency independent term and striking 
rotation effects. Assuming that the supersolid state exists, 𝑇𝑐 ~ 90𝑚𝐾 , 𝑣𝑐~ 1.5cm/s, and 
𝜌𝑆/𝜌 ~ 5 × 10
−6 for a 32-bar polycrystalline solid sample. However, this supersolid density 
is much higher than the upper limit set by the previous mass-flux experiments, 𝑣𝑐 ∙
(𝜌𝑠/𝜌)~2.5 × 10
−8cm/s28. 
Finally, the Manchester group also performed a dc rotation experiment using a rigid TO, but 
unlike our experiments, no rotation effect was found29. Nevertheless, the dc rotation effect is 
not substantial at the low rotational speeds of about 2 rad/s, so that it can be masked by the 
elastic effects of about 10-4. The stability of the TO under rotation is also important for the 
clarification of the very small discrepancies in the response. In addition, we aware that the 
recent shear modulus experiments reported an astounding rotation effect; shear modulus was 
decreased by 15% at 4 rad/s30. At this moment, we do not understand why this incompatible 
rotation effect has been found. We believe that the shear modulus change of about 15% must 
have been detected in our TO experiments. However, it is very interesting that there is no 
rotation effect in their own Young’s modulus measurement, which is consistent with our 
experimental results. 
In conclusion, most of the results reported in previous rotation experiments6,7 were not 
reproduced in a new experiment using rigid TO. This implies that the effect found in non-rigid 
TO can be explained by the change in shear modulus. Instead, we found a very intriguing 
rotation effect on the frequency-independent term, which is the unequivocal evidence of 
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superfluidity. We cannot provide any convincing explanation that clearly understand all the 
experimental results. Further investigation is crucial to identify the fascinating anomaly. 
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METHODS 
KAIST rigid double-torus torsional oscillator (TO). The KAIST rigid double-torus TO is 
employed to reduce non-trivial viscoelastic contributions induced by the elastic property 
change of solid helium complicatedly coupled with the TO structure. We successfully removed 
three non-linear elastic contributions due to (1) uncharted shear-modulus-dependent coupling 
between TO parts (the glue effect)8,31, (2) solid helium contained in the torsional rod (the 
torsion rod hole effect)9, and (3) solid helium layer grown on a thin TO basal plate (Maris 
effect)10. The detailed structure of KAIST rigid double-torus TO is shown in Figure 1-(a). The 
most distinguishable feature compared to the non-rigid TO used for the previous rotation 
experiment6,7 is that the whole structure of the TO oscillates as one rigid body. The previous 
non-rigid TO used several epoxy joints to connect inner and outer parts. As the temperature 
decreases, a gap between the inner and outer part of the TO was developed due to a thermal 
differential contraction. Helium leaked inside this gap and encapsulated the inner part of TO. 
After being solidified at a low temperature, this helium decoupled the motion of inner part from 
that of outer part and induced relative phase difference between them. As a result, the change 
in shear modulus of solid helium filled inside the gap could significantly amplified, so that it 
generated a large superfluid-mimicking period shift. To remove this glue effect, we assembled 
every joints in the TO using stainless-steel screws or hard soldering to eliminate elastic 
contribution on the TO response due to the relative motion between sub-parts. More details 
about the rigid TO construction was summarized in our previous publication13. 
Besides, the TO can be operated in two different resonant frequencies, which enables us to 
study a frequency-dependence of the TO response. The TO has two resonant frequencies: 
448.65Hz (in-phase mode) and 1131.20Hz (out-of-phase mode). Analogous to a double-
pendulum mass-spring system, two containers oscillate in same direction in the in-phase mode, 
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while oscillate in the opposite direction in the out-of-phase mode (See Figure 1-(b)). The TO 
is electrically driven by ac oscillating current with a resonant frequency, 𝑓 . Figure 1-(c) 
presents a schematic circuit diagram of the TO operation. The TO maintains its self-resonance 
through a phase-locked feedback circuit. The supplementary electrode is installed to monitor 
an actual motion of the upper torus. We confirmed that the phase difference between two tori 
was approximately 0 degrees for the in-phase mode and 180 degrees for the out-of-phase mode. 
The amplitude of oscillating motion was detected through a lock-in amplifier, synchronized 
with a reference signal provided by the main measurement scheme. The mechanical quality 
factor measured at 500mK is 8.58 × 105 and 4.58 × 105 in each mode. The stability of the 
TO period was comparable to 0.02 ns without rotation. For a 32-bar solid sample, the mass 
loading was calculated to 38,742 ns (5,843 ns) in the in-phase (out-of-phase) mode.  
RIKEN rotating dilution refrigerator. To superimpose dc rotation on the torsional oscillation, 
the TO was attached to a mixing chamber of the rotating dilution refrigerator at RIKEN32. The 
maximum applicable rotation velocity was 4 rad/s. Since a high-Q TO technique can be 
sensitive to mechanical noise33, we assessed the rotational stability (or rotational noise) of the 
RIKEN rotating cryostat by measuring the maximum fluctuation of rotation speed, 𝑑𝛺, under 
various rotation speed, 𝛺. The ratio between two quantities, 𝑑𝛺/Ω was approximately 0.001 
from 0 to 2 rad/s, then increased monotonically to 0.006 under 4 rad/s, comparable to that in 
the Manchester rotating cryostat34. The stability of our TO was not severely degraded by a dc 
rotation; it increased from 0.02 ns at a stationary state to 0.04 ns in 4 rad/s rotation velocity. To 
eliminate the AC torsional oscillation effect, the driving voltage of the TO was fixed at the 
lowest excitation voltage, 2mV (3.8mV) in the in-phase (out-of-phase) mode.  
Polycrystalline sample preparation. We grew three polycrystalline solid helium samples with 
the block-capillary method. Commercially available high-purity helium with the nominal 3He 
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impurity concentration of 0.3 ppm was used in the experiments. The procedure for growing 
solid helium was as follows: (a) we heat up the mixing chamber and the TO above a starting 
temperature (mostly, above 3K). (b) The sample space inside the TO was pressurized to target 
pressure of 60~82 bars. (c) After waiting for an equilibrium, we cooled down both mixing 
chamber and sample cell slowly. (d) We simultaneously monitored a change in a TO period 
during the cooling procedure. When a cooling curve meet a liquid-solid phase boundary, 
solidification was initiated. A sudden increase in the TO period is a signature for the initiation 
of solid growth. (e) The solidification was finished when the period of the TO reached its 
saturation value. Total growth time was at least longer than 2 hours for all solid samples. (f) 
The mixing chamber and the TO were slowly cooled down to 500mK. (g) The mass loading, a 
increase in the TO period due to solid mass loaded, was measured at a temperature of 500 mK. 
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Figure 1 | KAIST Rigid double-torus torsional oscillator (TO). a, The two-frequency rigid TO 
consists of two torus-shaped helium containers and two torsional rods. A pair of supplementary and 
main capacitive electrodes are attached to both upper and lower container, respectively. The main 
electrodes are used for both drive and detection of the TO, while the supplementary electrodes are used 
for only detection of the actual displacement of upper torus. b, Similar to a double pendulum, the KAIST 
double-torus TO has two different resonant torsional oscillation modes. Two containers oscillate in same 
direction in the in-phase mode (448.65Hz), while oscillate in the opposite direction in the out-of-phase 
mode (1131.20Hz). Two operation modes of the TO are demonstrated through FEM simulation. The 
color map in the figures shows the actual displacement (red-color means high displacement). c, 
Schematic representation of a double-frequency TO measurement is shown. The TO is driven in a high-
Q self-resonant mode by a phase-locked feedback circuit maintaining its resonance. The supplementary 
electrodes are used for only detection of the motion of upper torus. The electrical signal from the 
supplementary electrode is synchronized with the reference channel of the main electrode scheme. 
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Figure 2 | Effect of dc rotation on rigid TO responses. Period drop 𝑑𝑃 of the KAIST rigid double-
torus TO, with respect to the mass loading of solid growth ∆𝑃(𝑇), in the a, in-phase and b, out-of-
phase mode are plotted against a temperature at various dc rotation speeds in a range of 0 to 4 rad/s. 
Dissipation 𝑄−1(𝑇) in the c, in-phase and d, out-of-phase mode is also measured simultaneously. The 
same color-coded pair for each mode indicates the data obtained at same DC rotation speed. The empty-
cell background was subtracted. To eliminate ac torsional oscillation effect, the driving voltage of the 
TO was fixed at the lowest excitation voltage, 2mV (3.8mV) in the in-phase (out-of-phase) mode.  
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Figure 3 | Dependence of the rigid TO responses on dc rotation or ac oscillation speed. a, Rotation 
velocity-sweep scans were performed at a constant temperature. We first set the rotation speed to 3 rad/s 
at 500mK and then cooled the TO to a target temperature (30 mK). When the TO settled down at the 
target temperature, the rotation speed was swept down from 3 rad/s to 0 rad/s (open marks) with a 
discrete step of 0.2 rad/s, then swept back up to 3 rad/s (solid marks). Both the period and amplitude of 
the TO were measured for 0.5 hours at each point. The measured period values 𝑃 were shifted by 𝑃0, 
for more clear representation; the value of 𝑃0 is 2,267,631.549 ns (884,013.648 ns) for the in-phase 
(out-of-phase) mode. b, Suppression percentage of frequency-independent term (𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛(𝑇))
𝑖𝑛𝑑 
and frequency-dependent term (𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛(𝑇))
𝑑𝑒𝑝  measured below the saturation temperature 
(~50mK) was plotted against a dc rotation speed or ac oscillating speed, respectively.  
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Figure 4 | Frequency-dependent analysis of the rigid TO responses under various DC rotation 
speed. Both a, Frequency-independent term (𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛(𝑇))
𝑖𝑛𝑑  and b, frequency-dependent term 
(𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛(𝑇))
𝑑𝑒𝑝 was decomposed explicitly at the lowest an AC oscillating speed. The same color-
coded pair for each mode indicates the data obtained at same DC rotation speed.  
 
Figure 5 | Frequency-dependent analysis of the rigid TO responses at various AC oscillating speed. 
Both a, Frequency-independent term (𝑑𝑃𝑖𝑛/∆𝑃𝑖𝑛(𝑇))
𝑖𝑛𝑑  and b, frequency-dependent term (𝑑𝑃𝑖𝑛/
∆𝑃𝑖𝑛(𝑇))
𝑑𝑒𝑝 was decomposed explicitly, under constant DC rotation speed of 0 (open marks) and 3 
rad/s (solid marks). The same color-coded pair for each mode indicates the data obtained at same AC 
oscillation speed. Here, the AC driving voltage was carefully adjusted so that the solid sample 
experienced the same oscillating speed for the in-phase and out-of-phase mode. 
